There are severe limitations that photoconductive (PC) terahertz (THz) antennas experience due to Joule heating and ohmic losses, which cause premature device breakdown through thermal runaway. In response, this work introduces PC THz antennas utilizing textured InP semiconductors. These textured InP semiconductors exhibit high surface recombination properties and have shortened carrier lifetimes which limit residual photocurrents in the picoseconds following THz pulse emission-ultimately reducing Joule heating and ohmic losses. Fine-and coarse-textured InP semiconductors are studied and compared to a smooth-textured InP semiconductor, which provides a baseline. The surface area ratio (measuring roughness) of the smooth-, fine-, and coarse-textured InP semiconductors is resolved through a computational analysis of SEM images and found as 1.0 ± 0.1, 2.9 ± 0.4, and 4.3 ± 0.6, respectively. The carrier lifetimes of the smooth-, fine-, and coarse-textured InP semiconductors are found as respective values of 200 ± 6, 100 ± 10, and 20 ± 3 ps when measured with a pump-probe experimental system. The emitted THz electric fields and corresponding consumption of photocurrent are measured with a THz experimental setup. The temporal and spectral responses of PC THz antennas made with each of the textured InP semiconductors are found to be similar; however, the consumption of photocurrent (relating to Joule heating and ohmic losses) is greatly diminished for the semiconductors that are textured. The findings of this work can assist in engineering of small-scale PC THz antennas for high-power operation, where they are extremely vulnerable to premature device breakdown through thermal runaway.
INTRODUCTION
Since their emergence, mode-locked ultrafast oscillating lasers have enabled many pursuits in science, e.g., ultrafast material characterization studies [1, 2] , advancements in surgical instrumentation [3] , and the detection and generation of radiation in the terahertz (THz) portion of the electromagnetic spectrum [4] . The frequencies from 0.1-10 THz (or wavelengths from 30-3,000 μm) define the THz spectrum and have received considerable attention in past decades [5] [6] [7] [8] [9] . Technologies involving THz radiation have provided numerous advancements in applications of applied science, e.g., tomography [10] , characterization of semiconductors [11, 12] , security [13] , and many biomedical applications, e.g., medical imaging [14] , medical diagnosis [15] , and analyses of DNA [16] . The development of the above applications in past years has run in parallel with advancements in THz detection and generation. Terahertz generation can occur as continuous-waves, by difference-frequency generation in electro-optic crystals [17] or by heterodyne mixing in semiconductors [18] . Terahertz generation can also occur as pulses, by optical rectification in electro-optic crystal emitters [19] or by exciting charge-carriers in photoconductive (PC) THz emitters with bias fields present [4] .
Terahertz emitters with THz electric fields that are scalable with both bias voltage amplitudes and excitation optical fluences are particularly noteworthy, e.g., PC THz emitters [20] . In these PC THz emitters, THz pulses of electric field radiate due to charge-carrier acceleration in the picoseconds following excitation with an optical pulse. One downside of PC THz emitters is that the charge-carrier lifetime is typically much longer than the picosecond duration of the terahertz transient, which leads to residual photocurrents that cause ohmic losses and Joule heating. These effects impede the desired scaling up of the THz electric field through raising the bias voltage amplitude or excitation optical fluence [21] . (The thermal runaway onset and the excitation optical fluence have an inverse relationship [22] .) At the same time, the THz electric field cannot be increased by raising the repetition frequency of the excitation laser because this would raise the Joule heating, which has a proportionality to the repetition frequency of incident excitation optical pulses [23] .
Researchers have responded to the discussed challenges through investigations of PC THz emitters that use large active areas [24] ; however, these devices still suffer from significant ohmic losses and Joule heating. Additionally, there are many applications that have considerable spatial constraints, e.g., on-chip biofluid systems [25] [26] [27] . For compatibility with such systems, PC THz emitters must have small active areas. These THz systems would be particularly susceptible to ohmic losses and Joule heating as the onset voltage for thermal runaway has an inverse relationship to the active area of the PC THz emitter [22] .
Existing solutions to these problems are complex. These proposed solutions include cooling with water [28] , irradiation [21] , elaborate designs for bias electrodes [29] , active area patterning [30] , and heat sinks [31] . Given these cumbersome proposed solutions, this work focuses on a PC THz emitter that is based on a simple but effective material, textured InP. This texturing of the InP surface increases the surface area that is excited by the incident optical pulses, and therefore increases surface effects, leading to an overall decrease in the charge-carrier lifetimes [32, 33] . The work on textured InP materials includes three investigations: there is a scanning electron microscope (SEM) analysis that quantifies surface roughness; there is a study of the ultrafast material response of smooth-, fine-, and coarse-textured InP materials with a pump-probe system that measures charge-carrier lifetime; and there is an investigation of the THz response of smooth-, fine-, and coarse-textured InP materials with a THz system that measures relative THz electric field strength and photocurrent consumption. Similar characteristics (temporal and spectral) are observed in emitters with varying texturizations, however, consumption of photocurrent is reduced greatly in PC THz emitters constructed from textured materials.
METHODS
A pump-probe system is used to measure charge-carrier lifetimes of the InP materials. Figure 1 (a) shows a top view of the pump-probe system, which uses an ultrafast pulsed laser with 780 nm (pump beam) and 1550 nm (probe beam) pulses with 100 fs duration [34] . The 1.3 eV InP bandgap resides between the photon energies (1.6 and 0.8 eV respectively) of the pump and probe beams. The pump and probe beams are overlapped with a dichroic beamsplitter (labeled DBS) and then pass through a 40 times microscope objective (labeled MO 40 ) onto a material sample (labeled MS). The position of the material sample can be adjusted as it is mounted on an xyz stage (labeled XYZS). As the pump pulses change the sample photoconductivity, the corresponding change in probe transmission is measured using an InGaAs photodiode (labeled IPD).
To quantify the InP PC emitter THz response, describing the relative THz electric field strength and consumption of photocurrent, a THz system can be used. Figure 1(b) shows a top view of the THz system, which uses an ultrafast pulsed laser with 780 nm pump and probe beams. The pump beam passes through a 10-times microscope object (labeled MO 10 ) onto a PC THz emitter (labeled PTE) which is constructed from smooth-, fine-, and coarse-textured InP materials and silver epoxy electrodes [35-reid] with a 100 μm gap spacing. The position of the PC THz emitter can be adjusted as it is mounted on an xyz stage (labeled XYZS). The THz radiation is collimated with a parabolic reflector (labeled PR) and is overlapped with the probe beam by means of a pellicle beamsplitter (PeBS). These collinear beams are then focused with another parabolic reflector into the ZnTe electro-optic crystal (labeled ZnTe) and through the quarter-wave plate (labeled λ/4) and through the Wollaston prism (labeled WP) which divides the probe beam into its polarizations (vertical and horizontal). The difference of these polarizations (which is proportional to the THz electric field strength) is then measured with a set of differencing Si photodiodes (DSPD). At the same time, the photocurrent consumption in the PC THz emitter is measured with a transimpedance amplifier.
RESULTS
By increasing surface effects (through an increase in surface area), the charge-carrier lifetime of an optically-illuminated semiconductor can be reduced [32, 33] , which is a large advantage for PC THz emitters. To make textured InP materials, an InP material is mechanically polished using polishing films with different sizes of grit. Thorlabs LF6D (6 μm) polishing paper and Thorlabs LF30D (30 μm) polishing paper are used to produce fine-and coarse-textured InP materials, respectively. The relative surface area is defined as the unitless ratio of the textured sample surface area divided by the polished sample surface area, and this relative surface area quantifies the level of texturing on the InP material. The relative surface area can be measured for each sample through an analysis of images taken with a SEM.
Here, many sites on each sample are included to ensure a representative result. An analysis of these images from the SEM is performed with a software topography program which converts the images to three dimensional maps from which surface areas are extracted. Figure 2 shows representative three dimensional images of the InP materials for (a) smooth-textured InP material, (b) fine-textured InP material, and (c) coarse-textured InP material. Based on ten different sites for each material, the smooth-, fine-, and coarse-textured InP materials are found to have respective relative surface areas of 1.0 ± 0.1, 2.9 ± 0.4, and 4.3 ± 0.6.
The THz electric field that radiates from a PC THz emitter follows the equation
Here, the electric field is E THz (t), the semiconductor conductivity is σ(t), the elementary charge is q, the mobility of the semiconductor is μ, the density of the charge-carriers is n(t), and the electric field from the bias voltage is E b . Just after the pump beam excitation, there is a fast rise in conductivity that has a proportionality to the rapidly-rising charge-carrier density. This produces an electric field that is proportional to the time derivative of the conductivity. This conductivity remains high and gradually falls (over the material charge-carrier lifetime) with the density of the charge-carriers. The lasting conductivity leads to a residual photocurrent that is undesirable (as it produces Joule heating and ohmic losses). For this work, the InP mobility is assumed to have a constant value. However, it should be noted that other materials, e.g., GaP, have a transient mobility that can be used to limit residual photocurrents [36, 37] .
In order to find the dissipated power, P dissipated , from Joule heating and ohmic loss, the electrical power in the PC THz emitter can be integrated over one period of the ultrafast pulsed laser. This analysis yields a linearity between chargecarrier lifetime, τ, and dissipated power through
Here, the period of the ultrafast pulsed laser is T 0 and the constant of proportionality is K. Equation (2) indicates that a short charge-carrier lifetime is desirable.
Using the aforementioned pump-probe system, the charge-carrier lifetimes of InP materials that are smooth-, fine-, and coarse-textured can be investigated. Figure 3 presents ultrafast differential transmission scans for each textured emitter (smooth-, fine-, and coarse-textured InP materials are shown in solid lines coloured respectively in black, purple, and green). Here, differential transmission, ΔT/T, versus time, t, is plotted. The scans decay according to exponential functions and curve fitting yields charge-carrier lifetimes of 200 ± 6 ps (smooth-textured InP), 100 ± 10 ps (fine-textured InP), and 20 ± 3 ps (coarse-textured InP). These lifetimes are taken as the mean of six scans with standard errors and approximately agree with InP literature values [38] .
The THz response of PC THz emitters based on each material can also be measured. This measurement is performed using the THz system. Here, the THz electric field that is radiated is measured along with the photocurrent that is consumed in the PC THz emitter. Each PC THz emitter produces approximately the same THz electric field at the same 50 V bias voltage. Figure 4(a) shows the normalized THz amplitude electric field, E THz,norm (V bias ), versus the applied bias voltage, V bias , shown as black triangles (smooth-textured InP), purple diamonds (fine-textured InP), and green squares (coarse-textured InP). The gap spacing of each emitter is made to be 100 μm. Figure 4 (b) presents the corresponding photocurrent versus applied bias voltage, shown as black triangles (smooth-textured InP), purple diamonds (fine-textured InP), and green squares (coarse-textured InP). It is clear that there is a very large photocurrent in the PC THz emitter that is smooth-textured. One the other hand, there is a medium photocurrent in the PC THz emitter that is fine-textured and a low photocurrent in the PC THz emitter that is coarse-textured. Of particular interest is the ratio between the THz normalized electric field amplitude divided by the photocurrent, E THz,norm (V bias ) / I ph (V bias ). This quantifies Joule heating The time-and frequency-domain response of the PC THz emitters can also be tested, as shown in Figure 5 . 
CONCLUSIONS
This work investigated PC THz emitters constructed with textured InP materials. These emitters lowered ohmic losses and Joule heating due to their lowered charge-carrier lifetimes and were found to consume much less photocurrent. This material texturing is useful to create PC THz emitters that can mitigate premature device breakdown through thermal runaway. Such emitters could be used in small-scale and/or high-power THz applications.
